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Abstract
An axisymmetric contoured nozzle tailored for specific flight conditions of M = 7,
p0 = 6.035 MPa, T0 = 2432.2 K has been designed for the T4 reflected shock tunnel
facility. It has a throat diameter of 0.021 m and an exit diameter of 0.273166 m, which
corresponds to a throat-to-exit area ratio of 169.2. The nozzle has a throat-to-exit length
of 1 m. The nozzle produces a uniform core flow diamond with a maximum axial length
of 1.1 m and a maximum diameter of 0.2 m. Cross-sectional flow profiles taken at the
exit plane of the nozzle show that the Mach number varies by ± 0.4% and the flow
angularity varies by ± 0.13◦. The initial design was based on scaling an existing nozzle
that was designed for a nearby operating condition. Starting with this scaled contour
for the supersonic part of the nozzle contour, a Be`zier curve description of the contour
was systematically perturbed to improve the estimated test flow conditions according to
a Navier-Stokes computation that included high temperature effects.
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Nomenclature
Roman
a Speed of sound
f Function
h Static enthalpy
H Stagnation enthalpy
k Turbulent kinetic energy
M Mach number
N Number of cells
in the core flow
p Pressure
q Dynamic pressure
r Radius
T Temperature
u Axial velocity
v Radial velocity
x Axial distance of
point from nozzle throat
y, Y Radial distance of
point from nozzle axis
Greek
α Mass fractions
ω Specific dissipation rate
φ Weighting parameters
θ Flow angle
Subscript
0 Total conditions
∞ Freestream conditions
d Design point
s Nozzle-supply conditions
throat Throat conditions
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1 Introduction
To facilitate the freejet testing of the HIFiRE 8 scramjet engine in the T4 shock tunnel
facility, a new axisymmetric contoured nozzle that produces a Mach 7 outflow is needed.
This report presents details of the design, fabrication and testing of this new nozzle. In
Section 2, the design methodology that is undertaken to generate the internal flowpath
of the nozzle is described. Section 3 then summarises aspects of the mechanical design of
the new nozzle. The technical drawings that are needed for the fabrication of the nozzle
are included in Appendix D.
2 Design methodology
The design methodology for the new Mach 7 nozzle follows that used by Craddock (2000)
in the design of the Mach 7.6 axisymmetric contoured nozzle for the T4 shock tunnel
facility. This methodology involves the coupling of a CFD solver with an optimisation
algorithm to generate a nozzle contour that produces an outflow with the least flow
angularity and the least deviations from the desired Mach number.
Several authors (Korte et al., 1992; Keeling, 1993; Tolle, 1997) recommend that this
CFD-optimiser-coupled methodology be used for the design of high Mach number nozzles
because it generates a nozzle contour that produces a more uniform outflow than that de-
signed by the conventional Method-of-Characteristics (MOC) methodology. In low Mach
number nozzles, where boundary layers are thin, the location where the flow character-
istics reflect is closely approximated by the inviscid contour as assumed by the MOC
method (Craddock, 2000). However, for high Mach number nozzles where boundary lay-
ers are thick, the flow characteristics effectively reflect in the region between the wall and
the inviscid contour, as shown in Figure 1. This causes the actual reflected characteristic
to lag the design reflected characteristic (Candler & Perkins, 1991). Nozzles designed
using the conventional MOC methodology do not account for this shift in the reflection
of the flow characteristics. This results in the incomplete cancellation of the expansion
waves in the nozzle which then causes the nozzle outflow to be non-uniform. On the other
hand, the CFD-optimiser-coupled methodology used in the present report incorporates a
CFD flow solver which then allows the interaction between the core flow and the thick
boundary layer in high Mach number nozzles to be modelled correctly. Nozzles that are
designed using this methodology are expected to produce a more uniform outflow.
In the design of the Mach 7.6 axisymmetric contoured nozzle for the T4 shock tunnel
facility, Craddock (2000) coupled the sm3d CFD flow solver with the optimisation algo-
rithm of Nelder & Mead (1965). However, because the sm3d flow solver is now obsolete,
NENZFr is used instead for the design of the new Mach 7 nozzle. NENZFr, which stands
for Non-Equilibrium NozZle Flow - Reloaded, comprises of a set of Python scripts and
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Figure 1: Lagging of the actual characteristic from the design characteristic due to the
reflection through a thick boundary layer on the nozzle wall (adapted from Craddock
(2000)).
template files that coordinate the running of a space-marched nozzle simulation using
the Eilmer3 CFD flow solver. More details on NENZFr and Eilmer3 can be found in
the reports by Doherty et al. (2012), Jacobs & Gollan (2008) and Jacobs et al. (2010).
The optimisation algorithm of Nelder & Mead, which has already been implemented
in the nelmin.py script, can be found in the cfcfd3/lib/cfpylib/nm folder in the
cfcfd3 package. Details for accessing the cfcfd3 package can be found on the website
http://www.mech.uq.edu.au/cfcfd/.
2.1 Target nozzle-exit conditions and design constraints
The target conditions for the testing of the HIFiRE 8 engine are shown in Table 1. These
conditions are the target nozzle outflow conditions for the new T4 Mach 7 nozzle.
Table 1: Target conditions for the testing of the HIFiRE 8 engine.
Flow Flow
parameter Value parameter Value
M∞ 7.0 h∞ 28.56 km
q∞ 50 kPa u∞ 2105.88 m/s
H∞ 2.444 MJ/kg a∞ 300.84 m/s
p0,∞ 6.035 MPa p∞ 1.4577 kPa
T0,∞ 2432.2 K T∞ 225.207 K
In addition, there are two additional design constraints for the new Mach 7 nozzle.
The first design constraint is that the exit diameter of the internal flowpath of the new
5
nozzle has to be within + 5 mm of that of the existing Mach 7.6 nozzle. This is to ensure
that the new nozzle can utilise the same test-section adaptor plate as that used for the
Mach 7.6 nozzle.
The second design constraint is that of the length of the internal flowpath of the
nozzle. The choice of the nozzle length is an important factor in the design of a new
nozzle. For a nozzle with a fixed area ratio, a short nozzle means a larger expansion
angle. Theoretically, the maximum divergence angle is given by one-half of the Prandtl-
Meyer function which equates to about 45◦ for a Mach 7 flow (Jacobs & Stalker, 1991).
However, large divergence angles will produce poor test flows because of disturbances from
strong viscous/inviscid interactions (Craddock, 1999). Longer nozzles, on the other hand,
require longer durations to start up than short nozzles. This is especially disadvantageous
in hypersonic impulse facilities because it limits the already-short test time durations. For
the T4 Mach 7.6 nozzle, the nozzle length of 1.11 m was dictated by the maximum length
of the aluminium ingot that was to be used in the manufacture of the nozzle. Since the
chosen nozzle length for the T4 Mach 7.6 nozzle produced a test core that is sufficiently
large and uniform, it was decided that an initial estimate of the nozzle length for the new
Mach 7 nozzle can be made by scaling with the design Mach number. The scaled nozzle
length for the new Mach 7 nozzle is 1.0 m. As shown in the numerical results in Section 2.6,
the chosen nozzle length for the new nozzle provides a test core that is sufficiently large
and uniform.
2.2 Initial nozzle contour
To start the optimisation, an initial contour for the nozzle is needed. The easiest way to
obtain an initial contour is to scale an existing nozzle contour to reflect the area ratio,
nozzle length and nozzle-exit diameter needed for the new nozzle. The other alternative is
to use a MOC-generated contour that has been corrected for the displacement thickness
of the boundary layer that develops on the nozzle wall.
For the current study, two optimisation runs were conducted - one started with a
nozzle contour that has been geometrically scaled from the contour of the Mach 7.6 noz-
zle1, and the other started with a nozzle contour that has been generated by the MOC
method and corrected for boundary layer displacement thickness. The results from the
optimisation runs show that, by starting the optimisation from the nozzle contour that
has been scaled from the Mach 7.6 nozzle, the final optimised nozzle contour produces
nozzle-exit conditions that are closer to the design target parameters. Only results from
the optimisation run that has been started with the scaled nozzle contour are presented
in this report.
1The contour of the Mach 7.6 nozzle was scaled from its original length of 1.11 m to 1.0 m. In addition,
the contour was scaled by adjusting the throat diameter (while keeping the nozzle-exit diameter constant)
to achieve a throat-to-exit area that gave a nozzle-exit Mach number of 7.0.
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The setup for the optimisation run for the design of the new nozzle requires that
the initial contour be specified as design variables. This is done by specifying the initial
contour as a Be`zier curve with n number of control points. The control points are obtained
by fitting a Be`zier curve to the initial contour using a curve-fitting code written by Pastva
(1998). For the initial contour used in this study, a 7th-degree Be`zier curve was fitted to
within 1×10−9 m of the initial contour. An additional Be`zier control point was also added
upstream of the first control point to ensure that the start of the nozzle contour is parallel
to the nozzle axis.
2.3 Determination of nozzle-throat conditions
Another step which is required before the optimisation can be started is the determination
of nozzle-throat conditions that would give the target conditions at the exit of the nozzle.
The nozzle-throat conditions are estimated using an iterative process, as described.
1. Start with an initial guess for the static pressure, static temperature and flow ve-
locity at the throat of the nozzle. These values can be estimated by isentropically
compressing the target nozzle-exit flow given in Table 1 from Mach 7 to Mach 1.
2. Use the estimated conditions as inflow conditions for a NENZFr simulation that is set
up with the parameters described in Section 2.5. The nozzle contour that is used
for the NENZFr simulation is that generated in Section 2.2.
3. Compare the mass-flow-weighted averaged conditions in the test core at the nozzle-
exit plane from this simulation with the target conditions in Table 1.
4. If the values do not match, adjust the flow conditions at the throat, and repeat Steps
2 and 3 until the flow conditions match. Because the flow encounters aerothermo-
dynamic losses through the nozzle, the static pressure and static temperature at the
nozzle throat has to be increased (rather than decreased) for this step.
The flow conditions at the throat of the nozzle that have been approximated using this
approach are summarised in Table 2. The flow conditions and gas composition in the
nozzle-supply region, which are shown in Table 3, are estimated by assuming a hypothet-
ical isentropic compression (occurring in thermal and chemical equilibrium) of the flow
conditions from the nozzle throat to the nominally-stagnant nozzle-supply region.
2.4 Optimisation of the initial contour
Following Craddock (2000), the optimisation problem was formulated using seven design
variables that defined the shape of the expansion contour, and an objective function that
defined the variation in Mach number from a prescribed goal and variation in flow angle
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Table 2: Estimated flow conditions at the throat of the nozzle.
Parameter Value
pthroat 4.55 MPa
Tthroat 1861.7 K
uthroat 828.8 m/s
Table 3: Estimated flow conditions and gas compositions in the nozzle-supply region.
Parameter Value
ps 8.32 MPa
Ts 2122.7 K
αCO2 0.000485
αNO 0.010668
αAr 0.012916
αN2 0.750130
αO2 0.225530
αNO2 0.000211
across the test core at the exit plane of the nozzle. The radial position of the design
variables were then optimised to minimise the objective function.
The expansion contour was described by a single continuous Be`zier curve with 9 control
points as shown in Figure 2. The radial positions of the first two control points were held
constant at the nozzle throat radius and the radial positions of the remaining seven control
points were free to move. The axial positions of all the control points were fixed in a
distribution along the length of the nozzle that was slightly clustered towards the nozzle
throat. The differences in radial distances between each pair of Be`zier control points
that were free to move (Y1 − rthroat, Y2 − Y1, ....) were used as design variables. This
approach makes the design variables resemble wall slopes and improves the convergence
of the design procedure (Korte et al., 1992).
The objective function was defined so that the optimization algorithm would attempt
to find a nozzle shape that produced a flow with a minimum of variation in Mach number
and flow angle across the core flow at the nozzle-exit plane. All of the computational cells
from the axis to the edge of the core flow2 at the exit plane were used to evaluate the
objective function which was defined as,
Obj (dv) = (fθ + fM)
2 (1)
2The edge of the core flow was defined as the radial position on the outflow plane where the gradient
∂M/∂r became less than −20.0 per metre along a radial line moving out from the axis (approximate
edge of the boundary layer.
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Figure 2: Layout of the Be`zier control points that define the nozzle contour.
The two functions defining the variation in flow angle, θ, and the distribution in Mach
number, were
fθ =
φ2θ
N
N∑
j=1
(vj/uj)
2 (2)
fM =
φ2M
N
N∑
j=1
(Mx,j −Mdesign)2 (3)
where the symbol N denotes the number of cells in the core flow. Two weighting pa-
rameters, φθ and φM , were used to scale the contributions of the flow angle variation
function fθ and Mach number variation function fM . The scaling parameters were set so
that both functions would evaluate to 1 or less if all of the cells within the core flow have
a variation in Mach number and flow angle less than a prescribed target. The targets
were set to a variation of Mach number across the core flow at the exit plane of less than
0.01 and a variation of flow angularity less than 0.02◦, as per those set for the design of
the Mach 7.6 nozzle by Craddock (2000). When or if the optimisation algorithm found
a design solution that achieved these targets, the optimisation algorithm was stopped.
These targets are “ideal” and were set to a very high level to improve the convergence
of the optimisation search algorithm. Note that nozzle-exit plane flow variations of this
order can not be easily measured in pulse-flow wind tunnels with the current generation
of flow measurement instruments.
The weighting parameters are equal to the inverse of the targets or design goals such
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that,
φθ =
1
tan (0.02)
= 2.86× 103 (4)
φM =
1
0.01
= 100 (5)
The initial perturbations of the design variables for the optimisation were set to the
same values as those used by Craddock (2000) - 3 mm for the first two upstream design
variables and 5 mm for the remaining five design variables. The parameters for the Nelder
& Mead optimiser are listed in Table 4.
Table 4: Input parameters for the Nelder & Mead optimiser.
Parameter Notation Value
Terminating limit for the standard tol 1.0
deviation of the simplex function values
Number of steps between convergence checks n check 5
Maximum number of function evaluations max fe 500
Magnitude of the perturbations for delta 0.001
checking a local minimum
Coefficient for locating new index (reflect) Kreflect 1.0
Coefficient for locating new index (extend) Kextend 2.0
Coefficient for locating new index (contract) Kcontract 0.5
2.5 NENZFr parameters
The computational grid for the optimisation problem has 300 cells in the axial direction
and 40 cells in the radial direction. As shown in Figure 3, grid clustering is employed
near the throat and initial expansion regions to resolve the larger flow gradients expected
in these regions. Grid clustering is also employed near the nozzle wall to ensure sufficient
resolution of the boundary layer. In addition, the grids near the nozzle wall are also
configured to be orthogonal to the wall to ensure that the near-wall flow parameters are
properly approximated by flow solver. The wall of the nozzle is assumed to be at a
constant temperature of 300 K.
The conditions for the inflow of air through the throat of the nozzle are as stated in
Table 2. The flow of air through the nozzle is assumed to be in thermal and chemical
equilibrium. An additional simulation conducted with finite-rate chemistry showed similar
results to that conducted with chemical equilibrium. Effects of thermal non-equilibrium
flow were not accounted for in the simulations.
10
Figure 3: Computational grid for each NENZFr simulation. Close-up view of the grid
(displayed in the inset) shows the orthogonality of the grids to the nozzle wall.
The turbulence model used in the simulations is Wilcox’s 2006 k-ω turbulence model
(Wilcox, 2006). The turbulence intensity of the inflow to the nozzle is set to 5% and
the ratio of turbulent-to-laminar viscosity of the inflow to the nozzle is set to 100. The
resulting inflow turbulence kinetic energy k and specific dissipation rate ω are derived
from the turbulence intensity and the ratio of turbulent-to-laminar viscosity (Chan et al.,
2012). In addition, turbulence is assumed to start at the throat of the nozzle. Simulations
with turbulence starting at 0 mm, 50 mm, 100 mm and 150 mm from the throat showed
that varying the transition location did not significantly affect the flow conditions at the
exit plane of the nozzle (see Appendix B for more details on the study of the effects of
varying the transition location).
To speed up the convergence of the simulations, NENZFr was also run in a multi-
processor block-marching mode. More details of the block-marching capability is described
in the report by Chan et al. (2014).
2.6 Optimisation results
The optimisation run converged at 115 iterations with an objective value of 2.9. As
mentioned before in Section 2.4, the target objective value of 1.0 was set to improve the
convergence of the optimisation algorithm, and can only be achieved for an ideal case.
It is hence not surprising that the converged objective value for the present optimisation
run did not reach the target objective value of 1.0. The 115 iterations took approximately
56 hours to complete when run parallel on 8 Intel L5520 2.27 GHz processors. The total
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number of function evaluations (NENZFr runs) was 383.
The optimised nozzle contour has a nozzle-exit diameter of 273.2 mm. The maximum
slope of the nozzle contour (relative to the nozzle axis) is 20◦ and occurs approximately
42 mm downstream of the nozzle throat. The Be`zier control points and physical coordi-
nates for the optimised nozzle contour are shown in Table 5 and Appendix C respectively.
Table 5: Be`zier control points of the optimised Mach 7 nozzle.
x, m y, m
0.000000e+00 1.050000e-02
3.000000e-02 1.050000e-02
1.200000e-01 6.750100e-02
1.600000e-01 5.080100e-02
2.600000e-01 9.194200e-02
4.000000e-01 1.103570e-01
5.700000e-01 1.179570e-01
7.700000e-01 1.355220e-01
1.000000e+00 1.365830e-01
The radial distributions of Mach number, flow angularity, static pressure and Pitot
pressure across the nozzle-exit plane for the optimised nozzle contour are shown in Fig-
ure 4. The flow profiles in Figure 4 are from simulations with three grid configurations.
These profiles show that the medium grid produces a flowfield at the exit of the nozzle
that is sufficiently grid-converged for the analysis conducted in the present report (the av-
erage Mach number, flow angularity and Pitot pressure for the medium grid are less than
1% different to those for the fine grid, while the average static pressure for the medium
grid is 1.3% different to that for the fine grid). As such, further discussions in the present
report are made based on the medium grid.
The plots in Figure 4 show that, for all grid configurations, the maximum test core
diameter at the nozzle-exit plane is approximately 200 mm. Mass-flow-weighted averaged
values of flow properties in the test core for the medium grid are summarised in Table 6. To
demonstrate the uniformity of the nozzle-exit flow, the maximum and minimum deviations
from the mass-flow-weighted averaged flow properties in the test core are also included in
Table 6. Other than the ± 3% deviation in the static pressure and the ± 2% deviation in
the Pitot pressure, the other flow parameters have deviations of less than ± 1% in the test
core at the nozzle-exit plane. This thus shows that flow within the test core is sufficiently
uniform. In addition, a comparison of the mass-flux-weighted averaged values of flow
properties in the test core with the target conditions (as shown in Table 1) is also shown
in Table 6. The results demonstrate that the optimisation process produces a nozzle-exit
outflow that matches to within 1% of the target conditions.
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Figure 4: Flow profiles at the exit of the nozzle. The coarse grid, which was the grid used
for the optimisation run, has 40 radial cells and 300 axial cells. The medium grid has 80
radial cells and 600 axial cells. The fine grid has 120 radial cells and 900 axial cells.
Table 6: Mass-flow-weighted averaged values of flow properties in the uniform test core.
The maximum and minimum deviations from the mass-flow-weighted averaged flow prop-
erties in the test core are also included.
Mass-flow Max-Min Max-Min Deviation
Flow -weighted deviation deviation Target from target
parameter Units value (absolute) relative) Value value (relative)
Mach number - 7.0215 ± 0.03 ± 0.4% 7.0 + 0.3%
Flow divergence degrees 0.006 ± 0.13 - 0.0 -
Static pressure kPa 1.4435 ± 0.041 ± 2.8% 1.4577 − 1.0%
Static temperature K 223.8 ± 1.9 ± 0.8% 225.2 − 0.6%
Axial velocity m/s 2106 ± 0.9 ± 0.04% 2105.9 < 0.1%
Pitot pressure kPa 92.324 ± 1.8 ± 1.9% - -
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Another parameter that is of interest is the extent of the test core that the optimised
nozzle contour provides. Figure 5 shows plots of Pitot pressure contours that are generated
from simulations of the Mach 7 and Mach 7.6 nozzles and the test section of the T4 shock
tunnel facility. Note that although this axisymmetric simulation does not model the true
test section of the T4 shock tunnel (the actual test section has a square cross-section), it
still does provide a reasonable estimate of the flowfield. It can be seen that the extent
0 0.1 0.2 0.3
metres
(a) Mach 7 nozzle.
0 0.1 0.2 0.3
metres
(b) Mach 7.6 nozzle.
Figure 5: Contours of Pitot pressure for the Mach 7 and the Mach 7.6 nozzles (to scale).
of core flow area is similar for both nozzles - the Mach 7 nozzle produces a core flow
diamond with a maximum axial length of 1.1 m and a maximum diameter of 0.2 m, while
the Mach 7.6 nozzle produces a core flow diamond with a maximum axial length of 1.2 m
and a maximum diameter of 0.2 m.
3 Manufacture
The mechanical design of the new Mach 7 nozzle is based on that of the T4 Mach 7.6
nozzle. Most features of the design are kept the same, with exception to the following
features.
• The subsonic contraction and first supersonic contraction components are now made
from copper instead of beryllium-copper due to health and safety issues related to
the machining of beryllium-copper.
• The mechanical design and relevant o-rings for the subsonic contraction and first
supersonic contraction components are changed to accommodate the larger throat
diameter of the new Mach 7 nozzle.
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• The o-rings for the nozzle block, second and third supersonic expansion components
are changed to accommodate the different internal contour of the new Mach 7 nozzle.
This nozzle is manufactured at the UQ-EAIT workshop by Robert McGregor. The
manufacturing drawings and details of the relevant accessories (o-rings and fasteners) can
be found in Appendix D.
4 Conclusion
An axisymmetric contoured nozzle tailored for specific flight conditions of M = 7, p0 =
6.035 MPa, T0 = 2432.2 K has been designed for the T4 reflected shock tunnel facility. It
has a throat diameter of 0.021 m and an exit diameter of 0.273166 m, which corresponds
to a throat-to-exit area ratio of 169.2. The nozzle has a throat-to-exit length of 1 m. The
nozzle produces a uniform core flow diamond with a maximum axial length of 1.1 m and
a maximum diameter of 0.2 m. Cross-sectional flow profiles taken at the exit plane of the
nozzle show that the Mach number varies by ± 0.4% and the flow angularity varies by
± 0.13◦.
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A Optimisation script (.py)
#! / usr /bin /env python
# opt imise T4 Mach 7 nozz le . py
#
# This s c r i p t opt im i s e s an i n i t i a l contour f o r a supe r son i c nozz l e
# us ing the des ign methodology suggested by Chris Craddock (UQ
# Mechanical Engineer ing Departmental Report 2/00 ) . I t uses the
# minimize ( ) func t i on in c f c f d 3 / l i b / c f p y l i b /nm/nelmin . py .
#
# Wilson Chan , 26 May 2012 .
# −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
import sys , os
from math import tan , rad ians
import shlex , subproces s
from subproces s import PIPE
sys . path . append ( os . path . expandvars (”$HOME/ e3bin ”) ) # i n s t a l l a t i o n d i r e c t o r y
sys . path . append (””) # so that we can f i nd user ’ s s c r i p t s in cur rent d i r e c t o r y
from c f p y l i b .nm. nelmin import ∗
de f run command ( cmdText ) :
”””
Run the command as a subproces s .
”””
p r i n t ”About to run cmd : ” , cmdText
i f ( type ( cmdText ) i s l i s t ) :
a rgs = cmdText
e l s e :
a rgs = sh l ex . s p l i t ( cmdText )
p = subproces s . Popen ( args )
# wait u n t i l the subproces s i s f i n i s h e d
stdoutData , s tderrData = p . communicate ( )
re turn
de f o b j e c t i v e f u n c t i o n (y ) :
”””
Object ive func t i on f o r the des ign o f the i n t e r n a l contour o f
a T4 nozz l e . The input y i s a l i s t o f c oo rd ina t e s o f the
Bez i e r c on t r o l po in t s f o r the nozz l e . The r a d i a l c oo rd ina t e s
are s p e c i f i e d r e l a t i v e to the r a d i a l coo rd inate o f the
upstream point .
”””
nFixedPts = 2 # Number o f f i x ed Bez i e r c on t r o l po in t s
# Targets
M target = 7 .0 # Target Mach number
d th e t a t a r g e t = 0 .02 # Target v a r i a t i o n in out f low ang le ( in degree s )
dM target = 0 .01 # Target v a r i a t i o n in Mach number
# Read in the x−coo rd ina t e s f o r a l l po in t s and the y−coo rd ina t e s f o r
# the f i r s t nFixedPts po in t s − they are f i x e d and not changed in the
# opt im i sa t i on run .
x f i x e d = [ ] ; y f i x e d = [ ]
f i = open ( ’ Bezier−cont ro l−pts−t4−m7. i n i t i a l . data ’ , ’ r ’ )
f i . r e a d l i n e ( ) # Skip the f i r s t l i n e
whi l e True :
buf = f i . r e ad l i n e ( ) . s t r i p ( )
i f l en ( buf ) == 0 : break
tokens = [ f l o a t (word ) f o r word in buf . s p l i t ( ) ]
x f i x e d . append ( tokens [ 0 ] )
y f i x e d . append ( tokens [ 1 ] )
f i . c l o s e ( )
# Use x and y to c r e a t e new data f i l e conta in ing Bez i e r c on t r o l
# po in t s to generate the i n t e r n a l contour o f the nozz l e .
f o = open ( ’ Bez ier−cont ro l−pts−t4−m7. data ’ , ’w’ )
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f o . wr i t e ( ’# x , m y , m \n ’ )
f o r indx in range ( nFixedPts ) :
f o . wr i t e ( ’%.7 f %.7 f \n ’ % ( x f i x e d [ indx ] , y f i x e d [ indx ] ) )
y abso lu t e = y f i x ed [ nFixedPts−1]
f o r indx in range ( nFixedPts , l en (y)+nFixedPts ) :
y ab so lu t e += y [ indx−nFixedPts ]
f o . wr i t e ( ’%.7 f %.7 f \n ’ % ( x f i x e d [ indx ] , y ab so lu t e ) )
f o . c l o s e ( )
# Run nenz f r with the g iven nozz l e contour .
run command ( ’ . / run−mpi−block−marching−mode . sh ’ )
# Read in an ext rac t ed s l i c e o f data at the e x i t o f the nozz l e
f i = open ( ’ nozz le−e x i t . data ’ , ’ r ’ )
# Keep a l i s t o f v a r i a b l e s in order o f appearance ( from nenz f r . py ) .
varLine = f i . r e ad l i n e ( ) . s t r i p ( ) ; i tems = varLine . s p l i t ( )
i f i tems [ 0 ] == ’# ’: de l i tems [ 0 ]
i f i tems [ 0 ] == ’ Var iab l e s : ’ : d e l i tems [ 0 ]
v a r i a b l e l i s t = [ item . s p l i t ( ’ : ’ ) [ 1 ] f o r item in items ]
# Store the data in l i s t s aga in s t the se names ( from nenz f r . py ) .
data = {}
f o r var in v a r i a b l e l i s t :
data [ var ] = [ ]
f o r l i n e in f i . r e a d l i n e s ( ) :
i tems = l i n e . s t r i p ( ) . s p l i t ( )
i f i tems [ 0 ] == ’# ’: cont inue
a s s e r t l en ( items ) == len ( v a r i a b l e l i s t )
f o r i in range ( l en ( items ) ) :
data [ v a r i a b l e l i s t [ i ] ] . append ( f l o a t ( i tems [ i ] ) )
f i . c l o s e ( )
# Secondary func t i on s that con t r i bu t e to the ob j e c t i v e func t i on .
f t h e t a = 0 . 0 ; f M = 0.0 # I n i t i a l i s e both func t i on s to zero f i r s t .
N = 0 # I n i t i a l i s e the counter f o r the number o f c e l l s in the boundary l ay e r .
f o r j in range ( l en ( data [ ’ pos . y ’ ] ) ) :
# De f i n i t i o n used by Chris Craddock to es t imate the boundary l ay e r edge
# TODO −> I b e l i e v e that we can improve t h i s by look ing at mu t .
i f j == 0 :
dMdy = 0 .0 # Set to some number so that the f i r s t po int
# i s not s e t as the boundary l ay e r edge .
e l s e :
dMdy = ( data [ ’ M local ’ ] [ j ] − data [ ’ M local ’ ] [ j −1]) /\
( data [ ’ pos . y ’ ] [ j ] − data [ ’ pos . y ’ ] [ j −1])
# I f dMdy >= −20.0 , then we are in the core f low .
i f dMdy >= −20.0:
f t h e t a += ( data [ ’ v e l . y ’ ] [ j ] / data [ ’ v e l . x ’ ] [ j ] )∗∗2
f M += ( data [ ’ M local ’ ] [ j ] − M target )∗∗2
N += 1
# Weighting parameters .
ph i the ta = 1 .0 / tan ( rad ians ( d th e t a t a r g e t ) )
phi M = 1.0 / dM target
# Weight the secondary func t i on s by weight ing parameters .
f t h e t a = ph i the ta ∗∗2 / N ∗ f t h e t a
f M = phi M∗∗2 / N ∗ f M
# Object ive func t i on
ob j f unc t = ( f t h e t a + f M)∗∗2
re turn ob j f unc t
de f g e t d e s i g n v a r i a b l e s ( f i l ename , nFixedPts ) :
”””
Generate the des ign v a r i a b l e s from a given f i l e . The other
input i s the number o f f i x ed po in t s in the data f i l e that
are not part o f the l i s t o f des ign v a r i a b l e s f o r the
opt im i sa t i on run .
Returns a l i s t o f y−coo rd ina t e s o f the Bez i e r c on t r o l po in t s
that d e f i n e the i n t e r n a l contour o f a nozz l e . Note that these
coo rd ina t e s are r e l a t i v e to those o f the upstream point .
”””
19
y abso lu t e = [ ] ; y r e l a t i v e = [ ]
f i = open ( f i l ename , ’ r ’ )
f i . r e a d l i n e ( ) # Skip the f i r s t l i n e
whi l e True :
buf = f i . r e ad l i n e ( ) . s t r i p ( )
i f l en ( buf ) == 0 : break
tokens = [ f l o a t (word ) f o r word in buf . s p l i t ( ) ]
y ab so lu t e . append ( tokens [ 1 ] )
f i . c l o s e ( )
f o r indx in range ( nFixedPts , l en ( y abso lu t e ) ) :
y r e l a t i v e . append ( y abso lu t e [ indx ] − y abso lu t e [ indx −1])
r e turn y r e l a t i v e
# −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
i f name == ’ main ’ :
p r i n t ”Begin the opt im i sa t i on o f the T4 Mach 7 nozz l e . . . ”
p r i n t ”−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−”
# L i s t o f N des ign v a r i a b l e s
x = g e t d e s i g n v a r i a b l e s ( ’ Bezier−cont ro l−pts−t4−m7. i n i t i a l . data ’ , 2)
# L i s t o f N increments to apply to x when
# forming the i n i t i a l s implex .
dx = [ 0 . 0 0 3 , 0 . 003 , 0 . 005 , 0 . 005 , 0 . 005 , 0 . 005 , 0 . 0 0 5 ]
#dx = [ 0 . 0 0 3 , 0 . 003 , 0 . 003 , 0 . 005 , 0 . 005 , 0 . 005 , 0 . 005 , 0 . 0 0 5 ]
# Check that the s i z e s f o r the x and dx l i s t s are the same .
i f l en (x ) != l en (dx ) :
p r i n t ”Error ! x and dx l i s t s must have the same number o f v a r i a b l e s . ”
p r i n t ”x has ” , l en (x ) , ” va r i ab l e s , whi l e dx has ” , l en (dx ) , ” v a r i a b l e s . ”
sys . e x i t ( )
# The terminat ing l im i t f o r the standard−dev i a t i on
# the s implex func t i on va lue s .
t o l = 1 .0
# Maximum number o f func t i on eva lua t i on s
maxfe = 1000
# Number o f s t ep s between convergence checks
n check = 5
# Star t func t i on minimisat ion
x , fx , conv f l ag , nfe , nres = minimize ( ob j e c t i v e f un c t i o n , x ,
dx , to l , maxfe , n check )
p r i n t ”x = ” , x
p r i n t ” fx =”, fx
p r i n t ” convergence−f l a g =”, c onv f l a g
p r i n t ”number−of−fn−eva lua t i on s =”, n fe
p r i n t ”number−of−r e s t a r t s =”, nres
p r i n t ”−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−”
p r in t ”Done . ”
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B Effects of varying boundary layer transitioning lo-
cation
This appendix presents an investigation into how differences in the location where bound-
ary layer transitions in the Mach 7 nozzle can affect the flow quality at the exit of the
nozzle. NENZFr simulations of the optimised Mach 7 nozzle with boundary layer transi-
tioning locations at 0 mm, 50 mm, 100 mm and 150 mm from the throat are performed.
Figure 6 shows the flow profiles that have been extracted from these simulations at the
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Figure 6: Flow profiles at the exit of the nozzle for simulations with boundary layer
transitioning locations at 0 mm, 50 mm, 100 mm and 150 mm from the throat.
exit plane of the nozzle. These profiles show that the more downstream the boundary
layer transitions to turbulence, the thinner the boundary layer will be, which then re-
sults in a higher nozzle-exit Mach number, a lower nozzle-exit static pressure and a lower
nozzle-exit Pitot pressure. In addition, the flow angularity also becomes higher when the
boundary layer transitioning location is shifted downstream of the throat.
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Figure 7 shows the percentage deviation of nozzle-exit flow properties (for simulations
with the boundary layer transitioning location set at 50 mm, 100 mm and 150 mm) from
those for simulations with the boundary layer transitioning at the throat. The percentage
deviation is computed by
% deviation =
|X −Xthroat|
Xthroat
× 100% (6)
where X is the nozzle-exit flow property. These results show that for transitioning lo-
cations up to 150 mm from the throat, the maximum deviation from that when bound-
ary layer transitioning occurs at the throat is +0.2% for nozzle-exit velocity, +1.5% for
nozzle-exit Mach number, −3% for nozzle-exit static temperature, −5% for nozzle-exit
Pitot pressure and nozzle-exit static density, and −8% for nozzle-exit static pressure. For
transitioning locations up to 150 mm from the throat, most flow variables at the exit of
the nozzle (other than the static pressure) are not significantly affected by differences in
the location where the boundary layer transitions to turbulence.
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(d) Axial velocity.
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(e) Static pressure.
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Figure 7: Percentage deviation of nozzle-exit flow properties for simulations with the
boundary layer transitioning location set at 50 mm, 100 mm and 150 mm from those for
simulations with the boundary layer transitioning at the throat. The percentage deviation
is computed using Equation 6. Note that the flow properties are mass-flow-weighted
averaged values of properties at the exit of the nozzle.
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C Coordinates for the nozzle contour
The coordinates for the Mach 7 nozzle contour are listed here. For users who would
like to use these coordinates for either their CFD simulations or for manufacturing pur-
poses, the authors highly recommend that the coordinates be taken from the master copy
contour-t4-m7.data which can be located in the cfcfd3/app/nenzfr/nenzfr data files/
folder in the cfcfd3 package. Details for accessing the cfcfd3 package can be found on
http://www.mech.uq.edu.au/cfcfd/index.html. This is to avoid having multiple mas-
ter copies of the coordinates data.
# x , m y , m
0.000000 e+00 1.050000 e−02
2.416739 e−04 1.050159 e−02
4.866710 e−04 1.050633 e−02
7.349549 e−04 1.051417 e−02
9.864897 e−04 1.052507 e−02
1.241240 e−03 1.053900 e−02
1.499169 e−03 1.055590 e−02
1.760244 e−03 1.057574 e−02
2.024429 e−03 1.059847 e−02
2.291689 e−03 1.062406 e−02
2.561992 e−03 1.065246 e−02
2.835303 e−03 1.068364 e−02
3.111590 e−03 1.071755 e−02
3.390819 e−03 1.075416 e−02
3.672958 e−03 1.079343 e−02
3.957975 e−03 1.083531 e−02
4.245838 e−03 1.087978 e−02
4.536515 e−03 1.092679 e−02
4.829975 e−03 1.097630 e−02
5.126188 e−03 1.102829 e−02
5.425122 e−03 1.108271 e−02
5.726748 e−03 1.113953 e−02
6.031036 e−03 1.119871 e−02
6.337957 e−03 1.126021 e−02
6.647480 e−03 1.132401 e−02
6.959578 e−03 1.139007 e−02
7.274221 e−03 1.145835 e−02
7.591381 e−03 1.152882 e−02
7.911031 e−03 1.160145 e−02
8.233142 e−03 1.167620 e−02
8.557688 e−03 1.175304 e−02
8.884641 e−03 1.183195 e−02
9.213974 e−03 1.191287 e−02
9.545662 e−03 1.199580 e−02
9.879677 e−03 1.208069 e−02
1.021600 e−02 1.216751 e−02
1.055459 e−02 1.225624 e−02
1.089544 e−02 1.234683 e−02
1.123851 e−02 1.243928 e−02
1.158378 e−02 1.253353 e−02
1.193123 e−02 1.262957 e−02
1.228084 e−02 1.272737 e−02
1.263257 e−02 1.282689 e−02
1.298641 e−02 1.292811 e−02
1.334233 e−02 1.303100 e−02
1.370031 e−02 1.313554 e−02
1.406033 e−02 1.324169 e−02
1.442237 e−02 1.334943 e−02
1.478639 e−02 1.345873 e−02
1.515239 e−02 1.356957 e−02
1.552034 e−02 1.368192 e−02
1.589021 e−02 1.379575 e−02
1.626199 e−02 1.391105 e−02
1.663565 e−02 1.402778 e−02
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1.701118 e−02 1.414591 e−02
1.738856 e−02 1.426543 e−02
1.776776 e−02 1.438632 e−02
1.814876 e−02 1.450853 e−02
1.853155 e−02 1.463206 e−02
1.891611 e−02 1.475689 e−02
1.930241 e−02 1.488297 e−02
1.969044 e−02 1.501030 e−02
2.008018 e−02 1.513886 e−02
2.047161 e−02 1.526861 e−02
2.086472 e−02 1.539953 e−02
2.125948 e−02 1.553162 e−02
2.165588 e−02 1.566483 e−02
2.205390 e−02 1.579916 e−02
2.245352 e−02 1.593458 e−02
2.285473 e−02 1.607107 e−02
2.325751 e−02 1.620861 e−02
2.366184 e−02 1.634718 e−02
2.406771 e−02 1.648676 e−02
2.447510 e−02 1.662734 e−02
2.488399 e−02 1.676888 e−02
2.529438 e−02 1.691137 e−02
2.570624 e−02 1.705480 e−02
2.611956 e−02 1.719915 e−02
2.653433 e−02 1.734438 e−02
2.695052 e−02 1.749050 e−02
2.736813 e−02 1.763748 e−02
2.778714 e−02 1.778530 e−02
2.820754 e−02 1.793394 e−02
2.862932 e−02 1.808339 e−02
2.905245 e−02 1.823363 e−02
2.947693 e−02 1.838465 e−02
2.990274 e−02 1.853642 e−02
3.032988 e−02 1.868893 e−02
3.075832 e−02 1.884217 e−02
3.118805 e−02 1.899611 e−02
3.161907 e−02 1.915075 e−02
3.205136 e−02 1.930607 e−02
3.248491 e−02 1.946204 e−02
3.291970 e−02 1.961867 e−02
3.335573 e−02 1.977592 e−02
3.379299 e−02 1.993380 e−02
3.423145 e−02 2.009228 e−02
3.467112 e−02 2.025134 e−02
3.511198 e−02 2.041098 e−02
3.555402 e−02 2.057118 e−02
3.599722 e−02 2.073193 e−02
3.644159 e−02 2.089321 e−02
3.688711 e−02 2.105501 e−02
3.733376 e−02 2.121732 e−02
3.778154 e−02 2.138013 e−02
3.823045 e−02 2.154341 e−02
3.868046 e−02 2.170717 e−02
3.913157 e−02 2.187138 e−02
3.958378 e−02 2.203604 e−02
4.003707 e−02 2.220113 e−02
4.049143 e−02 2.236664 e−02
4.094686 e−02 2.253255 e−02
4.140335 e−02 2.269887 e−02
4.186089 e−02 2.286557 e−02
4.231946 e−02 2.303265 e−02
4.277907 e−02 2.320010 e−02
4.323971 e−02 2.336789 e−02
4.370136 e−02 2.353604 e−02
4.416402 e−02 2.370451 e−02
4.462769 e−02 2.387330 e−02
4.509235 e−02 2.404241 e−02
4.555800 e−02 2.421182 e−02
4.602463 e−02 2.438153 e−02
4.649224 e−02 2.455151 e−02
4.696081 e−02 2.472177 e−02
4.743035 e−02 2.489230 e−02
4.790085 e−02 2.506307 e−02
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4.837229 e−02 2.523410 e−02
4.884468 e−02 2.540536 e−02
4.931800 e−02 2.557685 e−02
4.979226 e−02 2.574856 e−02
5.026745 e−02 2.592048 e−02
5.074356 e−02 2.609261 e−02
5.122058 e−02 2.626493 e−02
5.169852 e−02 2.643743 e−02
5.217736 e−02 2.661012 e−02
5.265710 e−02 2.678297 e−02
5.313774 e−02 2.695599 e−02
5.361927 e−02 2.712917 e−02
5.410169 e−02 2.730250 e−02
5.458499 e−02 2.747596 e−02
5.506918 e−02 2.764956 e−02
5.555423 e−02 2.782329 e−02
5.604016 e−02 2.799714 e−02
5.652695 e−02 2.817111 e−02
5.701461 e−02 2.834518 e−02
5.750313 e−02 2.851935 e−02
5.799251 e−02 2.869362 e−02
5.848274 e−02 2.886797 e−02
5.897381 e−02 2.904241 e−02
5.946574 e−02 2.921692 e−02
5.995851 e−02 2.939151 e−02
6.045212 e−02 2.956616 e−02
6.094656 e−02 2.974087 e−02
6.144185 e−02 2.991563 e−02
6.193796 e−02 3.009044 e−02
6.243491 e−02 3.026529 e−02
6.293268 e−02 3.044018 e−02
6.343128 e−02 3.061511 e−02
6.393071 e−02 3.079006 e−02
6.443096 e−02 3.096503 e−02
6.493202 e−02 3.114002 e−02
6.543391 e−02 3.131503 e−02
6.593661 e−02 3.149004 e−02
6.644012 e−02 3.166506 e−02
6.694445 e−02 3.184007 e−02
6.744959 e−02 3.201509 e−02
6.795554 e−02 3.219009 e−02
6.846231 e−02 3.236508 e−02
6.896987 e−02 3.254006 e−02
6.947825 e−02 3.271501 e−02
6.998743 e−02 3.288994 e−02
7.049742 e−02 3.306484 e−02
7.100822 e−02 3.323971 e−02
7.151981 e−02 3.341454 e−02
7.203221 e−02 3.358933 e−02
7.254542 e−02 3.376409 e−02
7.305943 e−02 3.393879 e−02
7.357423 e−02 3.411345 e−02
7.408985 e−02 3.428805 e−02
7.460626 e−02 3.446260 e−02
7.512348 e−02 3.463709 e−02
7.564149 e−02 3.481152 e−02
7.616031 e−02 3.498589 e−02
7.667994 e−02 3.516019 e−02
7.720036 e−02 3.533442 e−02
7.772159 e−02 3.550858 e−02
7.824362 e−02 3.568266 e−02
7.876646 e−02 3.585667 e−02
7.929010 e−02 3.603059 e−02
7.981455 e−02 3.620444 e−02
8.033980 e−02 3.637820 e−02
8.086586 e−02 3.655188 e−02
8.139273 e−02 3.672547 e−02
8.192041 e−02 3.689896 e−02
8.244889 e−02 3.707237 e−02
8.297819 e−02 3.724568 e−02
8.350830 e−02 3.741889 e−02
8.403922 e−02 3.759201 e−02
8.457096 e−02 3.776503 e−02
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8.510351 e−02 3.793794 e−02
8.563688 e−02 3.811076 e−02
8.617108 e−02 3.828347 e−02
8.670609 e−02 3.845607 e−02
8.724192 e−02 3.862857 e−02
8.777858 e−02 3.880095 e−02
8.831606 e−02 3.897323 e−02
8.885437 e−02 3.914539 e−02
8.939351 e−02 3.931745 e−02
8.993348 e−02 3.948939 e−02
9.047429 e−02 3.966121 e−02
9.101593 e−02 3.983292 e−02
9.155841 e−02 4.000451 e−02
9.210172 e−02 4.017599 e−02
9.264588 e−02 4.034734 e−02
9.319089 e−02 4.051858 e−02
9.373674 e−02 4.068969 e−02
9.428344 e−02 4.086069 e−02
9.483099 e−02 4.103156 e−02
9.537939 e−02 4.120231 e−02
9.592865 e−02 4.137293 e−02
9.647877 e−02 4.154343 e−02
9.702975 e−02 4.171381 e−02
9.758160 e−02 4.188406 e−02
9.813431 e−02 4.205419 e−02
9.868790 e−02 4.222419 e−02
9.924235 e−02 4.239406 e−02
9.979768 e−02 4.256381 e−02
1.003539 e−01 4.273343 e−02
1.009110 e−01 4.290292 e−02
1.014690 e−01 4.307229 e−02
1.020278 e−01 4.324153 e−02
1.025876 e−01 4.341064 e−02
1.031482 e−01 4.357962 e−02
1.037098 e−01 4.374847 e−02
1.042722 e−01 4.391720 e−02
1.048356 e−01 4.408579 e−02
1.053998 e−01 4.425426 e−02
1.059650 e−01 4.442260 e−02
1.065311 e−01 4.459081 e−02
1.070981 e−01 4.475890 e−02
1.076660 e−01 4.492685 e−02
1.082348 e−01 4.509468 e−02
1.088046 e−01 4.526238 e−02
1.093753 e−01 4.542995 e−02
1.099469 e−01 4.559739 e−02
1.105195 e−01 4.576471 e−02
1.110930 e−01 4.593190 e−02
1.116674 e−01 4.609896 e−02
1.122429 e−01 4.626590 e−02
1.128192 e−01 4.643271 e−02
1.133965 e−01 4.659940 e−02
1.139748 e−01 4.676595 e−02
1.145540 e−01 4.693239 e−02
1.151343 e−01 4.709870 e−02
1.157154 e−01 4.726489 e−02
1.162976 e−01 4.743095 e−02
1.168807 e−01 4.759689 e−02
1.174648 e−01 4.776270 e−02
1.180499 e−01 4.792840 e−02
1.186360 e−01 4.809397 e−02
1.192231 e−01 4.825942 e−02
1.198112 e−01 4.842476 e−02
1.204003 e−01 4.858997 e−02
1.209904 e−01 4.875506 e−02
1.215815 e−01 4.892003 e−02
1.221737 e−01 4.908489 e−02
1.227668 e−01 4.924963 e−02
1.233610 e−01 4.941425 e−02
1.239562 e−01 4.957875 e−02
1.245524 e−01 4.974315 e−02
1.251497 e−01 4.990742 e−02
1.257480 e−01 5.007158 e−02
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1.263474 e−01 5.023563 e−02
1.269478 e−01 5.039957 e−02
1.275493 e−01 5.056339 e−02
1.281518 e−01 5.072710 e−02
1.287554 e−01 5.089071 e−02
1.293601 e−01 5.105420 e−02
1.299658 e−01 5.121759 e−02
1.305726 e−01 5.138086 e−02
1.311805 e−01 5.154403 e−02
1.317894 e−01 5.170710 e−02
1.323995 e−01 5.187006 e−02
1.330107 e−01 5.203291 e−02
1.336229 e−01 5.219566 e−02
1.342363 e−01 5.235831 e−02
1.348507 e−01 5.252085 e−02
1.354663 e−01 5.268330 e−02
1.360830 e−01 5.284564 e−02
1.367008 e−01 5.300788 e−02
1.373197 e−01 5.317003 e−02
1.379398 e−01 5.333208 e−02
1.385610 e−01 5.349403 e−02
1.391833 e−01 5.365588 e−02
1.398068 e−01 5.381764 e−02
1.404314 e−01 5.397931 e−02
1.410572 e−01 5.414088 e−02
1.416841 e−01 5.430236 e−02
1.423122 e−01 5.446374 e−02
1.429415 e−01 5.462504 e−02
1.435719 e−01 5.478625 e−02
1.442035 e−01 5.494736 e−02
1.448363 e−01 5.510839 e−02
1.454703 e−01 5.526933 e−02
1.461055 e−01 5.543019 e−02
1.467418 e−01 5.559096 e−02
1.473794 e−01 5.575165 e−02
1.480181 e−01 5.591225 e−02
1.486581 e−01 5.607277 e−02
1.492993 e−01 5.623320 e−02
1.499417 e−01 5.639356 e−02
1.505853 e−01 5.655383 e−02
1.512301 e−01 5.671403 e−02
1.518762 e−01 5.687415 e−02
1.525235 e−01 5.703419 e−02
1.531720 e−01 5.719415 e−02
1.538218 e−01 5.735404 e−02
1.544729 e−01 5.751385 e−02
1.551252 e−01 5.767359 e−02
1.557787 e−01 5.783326 e−02
1.564335 e−01 5.799285 e−02
1.570896 e−01 5.815237 e−02
1.577469 e−01 5.831182 e−02
1.584056 e−01 5.847121 e−02
1.590655 e−01 5.863052 e−02
1.597267 e−01 5.878976 e−02
1.603892 e−01 5.894894 e−02
1.610529 e−01 5.910805 e−02
1.617180 e−01 5.926709 e−02
1.623844 e−01 5.942607 e−02
1.630521 e−01 5.958498 e−02
1.637211 e−01 5.974383 e−02
1.643914 e−01 5.990262 e−02
1.650631 e−01 6.006135 e−02
1.657360 e−01 6.022001 e−02
1.664103 e−01 6.037862 e−02
1.670860 e−01 6.053716 e−02
1.677629 e−01 6.069565 e−02
1.684413 e−01 6.085408 e−02
1.691209 e−01 6.101245 e−02
1.698020 e−01 6.117076 e−02
1.704843 e−01 6.132902 e−02
1.711681 e−01 6.148722 e−02
1.718532 e−01 6.164537 e−02
1.725397 e−01 6.180346 e−02
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1.732275 e−01 6.196150 e−02
1.739168 e−01 6.211949 e−02
1.746074 e−01 6.227743 e−02
1.752994 e−01 6.243531 e−02
1.759928 e−01 6.259315 e−02
1.766876 e−01 6.275093 e−02
1.773838 e−01 6.290866 e−02
1.780814 e−01 6.306635 e−02
1.787805 e−01 6.322399 e−02
1.794809 e−01 6.338158 e−02
1.801828 e−01 6.353912 e−02
1.808861 e−01 6.369662 e−02
1.815908 e−01 6.385407 e−02
1.822969 e−01 6.401147 e−02
1.830045 e−01 6.416883 e−02
1.837135 e−01 6.432615 e−02
1.844240 e−01 6.448342 e−02
1.851359 e−01 6.464065 e−02
1.858493 e−01 6.479784 e−02
1.865641 e−01 6.495498 e−02
1.872804 e−01 6.511208 e−02
1.879982 e−01 6.526914 e−02
1.887174 e−01 6.542616 e−02
1.894381 e−01 6.558314 e−02
1.901603 e−01 6.574008 e−02
1.908840 e−01 6.589698 e−02
1.916091 e−01 6.605384 e−02
1.923358 e−01 6.621066 e−02
1.930639 e−01 6.636745 e−02
1.937936 e−01 6.652419 e−02
1.945247 e−01 6.668090 e−02
1.952574 e−01 6.683757 e−02
1.959915 e−01 6.699420 e−02
1.967272 e−01 6.715080 e−02
1.974644 e−01 6.730736 e−02
1.982032 e−01 6.746388 e−02
1.989434 e−01 6.762037 e−02
1.996852 e−01 6.777682 e−02
2.004285 e−01 6.793324 e−02
2.011734 e−01 6.808962 e−02
2.019198 e−01 6.824597 e−02
2.026677 e−01 6.840228 e−02
2.034172 e−01 6.855856 e−02
2.041683 e−01 6.871480 e−02
2.049209 e−01 6.887101 e−02
2.056751 e−01 6.902719 e−02
2.064308 e−01 6.918333 e−02
2.071882 e−01 6.933944 e−02
2.079471 e−01 6.949552 e−02
2.087075 e−01 6.965156 e−02
2.094696 e−01 6.980757 e−02
2.102332 e−01 6.996355 e−02
2.109984 e−01 7.011949 e−02
2.117652 e−01 7.027540 e−02
2.125337 e−01 7.043128 e−02
2.133037 e−01 7.058713 e−02
2.140753 e−01 7.074294 e−02
2.148485 e−01 7.089872 e−02
2.156233 e−01 7.105447 e−02
2.163998 e−01 7.121018 e−02
2.171778 e−01 7.136587 e−02
2.179575 e−01 7.152152 e−02
2.187388 e−01 7.167714 e−02
2.195218 e−01 7.183272 e−02
2.203063 e−01 7.198828 e−02
2.210926 e−01 7.214380 e−02
2.218804 e−01 7.229928 e−02
2.226699 e−01 7.245474 e−02
2.234610 e−01 7.261016 e−02
2.242538 e−01 7.276555 e−02
2.250482 e−01 7.292090 e−02
2.258443 e−01 7.307623 e−02
2.266420 e−01 7.323151 e−02
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2.274414 e−01 7.338677 e−02
2.282425 e−01 7.354199 e−02
2.290452 e−01 7.369718 e−02
2.298496 e−01 7.385233 e−02
2.306557 e−01 7.400745 e−02
2.314635 e−01 7.416253 e−02
2.322729 e−01 7.431758 e−02
2.330840 e−01 7.447260 e−02
2.338969 e−01 7.462758 e−02
2.347114 e−01 7.478252 e−02
2.355275 e−01 7.493743 e−02
2.363454 e−01 7.509230 e−02
2.371650 e−01 7.524713 e−02
2.379863 e−01 7.540193 e−02
2.388093 e−01 7.555669 e−02
2.396340 e−01 7.571142 e−02
2.404604 e−01 7.586610 e−02
2.412885 e−01 7.602075 e−02
2.421184 e−01 7.617536 e−02
2.429499 e−01 7.632993 e−02
2.437832 e−01 7.648447 e−02
2.446182 e−01 7.663896 e−02
2.454550 e−01 7.679341 e−02
2.462934 e−01 7.694783 e−02
2.471336 e−01 7.710220 e−02
2.479756 e−01 7.725653 e−02
2.488192 e−01 7.741082 e−02
2.496647 e−01 7.756506 e−02
2.505118 e−01 7.771927 e−02
2.513607 e−01 7.787343 e−02
2.522114 e−01 7.802755 e−02
2.530638 e−01 7.818162 e−02
2.539180 e−01 7.833565 e−02
2.547739 e−01 7.848964 e−02
2.556316 e−01 7.864358 e−02
2.564910 e−01 7.879747 e−02
2.573522 e−01 7.895132 e−02
2.582152 e−01 7.910512 e−02
2.590799 e−01 7.925887 e−02
2.599464 e−01 7.941257 e−02
2.608147 e−01 7.956623 e−02
2.616848 e−01 7.971983 e−02
2.625566 e−01 7.987339 e−02
2.634303 e−01 8.002689 e−02
2.643057 e−01 8.018035 e−02
2.651829 e−01 8.033375 e−02
2.660619 e−01 8.048710 e−02
2.669426 e−01 8.064040 e−02
2.678252 e−01 8.079364 e−02
2.687096 e−01 8.094683 e−02
2.695957 e−01 8.109996 e−02
2.704837 e−01 8.125304 e−02
2.713734 e−01 8.140606 e−02
2.722650 e−01 8.155903 e−02
2.731584 e−01 8.171193 e−02
2.740535 e−01 8.186478 e−02
2.749505 e−01 8.201757 e−02
2.758493 e−01 8.217030 e−02
2.767499 e−01 8.232297 e−02
2.776523 e−01 8.247558 e−02
2.785566 e−01 8.262812 e−02
2.794626 e−01 8.278061 e−02
2.803705 e−01 8.293303 e−02
2.812802 e−01 8.308538 e−02
2.821918 e−01 8.323767 e−02
2.831051 e−01 8.338990 e−02
2.840203 e−01 8.354206 e−02
2.849373 e−01 8.369415 e−02
2.858562 e−01 8.384617 e−02
2.867769 e−01 8.399812 e−02
2.876994 e−01 8.415001 e−02
2.886237 e−01 8.430182 e−02
2.895499 e−01 8.445356 e−02
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2.904780 e−01 8.460523 e−02
2.914079 e−01 8.475683 e−02
2.923396 e−01 8.490836 e−02
2.932732 e−01 8.505980 e−02
2.942086 e−01 8.521118 e−02
2.951458 e−01 8.536248 e−02
2.960850 e−01 8.551370 e−02
2.970259 e−01 8.566484 e−02
2.979687 e−01 8.581590 e−02
2.989134 e−01 8.596689 e−02
2.998600 e−01 8.611779 e−02
3.008084 e−01 8.626861 e−02
3.017586 e−01 8.641935 e−02
3.027107 e−01 8.657001 e−02
3.036647 e−01 8.672058 e−02
3.046205 e−01 8.687107 e−02
3.055782 e−01 8.702147 e−02
3.065378 e−01 8.717179 e−02
3.074992 e−01 8.732201 e−02
3.084625 e−01 8.747215 e−02
3.094277 e−01 8.762220 e−02
3.103948 e−01 8.777216 e−02
3.113637 e−01 8.792203 e−02
3.123345 e−01 8.807180 e−02
3.133071 e−01 8.822149 e−02
3.142817 e−01 8.837108 e−02
3.152581 e−01 8.852057 e−02
3.162364 e−01 8.866997 e−02
3.172166 e−01 8.881927 e−02
3.181986 e−01 8.896847 e−02
3.191826 e−01 8.911758 e−02
3.201684 e−01 8.926659 e−02
3.211561 e−01 8.941549 e−02
3.221457 e−01 8.956429 e−02
3.231372 e−01 8.971300 e−02
3.241305 e−01 8.986159 e−02
3.251258 e−01 9.001009 e−02
3.261229 e−01 9.015848 e−02
3.271219 e−01 9.030676 e−02
3.281228 e−01 9.045494 e−02
3.291256 e−01 9.060300 e−02
3.301303 e−01 9.075096 e−02
3.311369 e−01 9.089881 e−02
3.321454 e−01 9.104655 e−02
3.331558 e−01 9.119417 e−02
3.341681 e−01 9.134169 e−02
3.351822 e−01 9.148909 e−02
3.361983 e−01 9.163637 e−02
3.372162 e−01 9.178354 e−02
3.382361 e−01 9.193059 e−02
3.392579 e−01 9.207753 e−02
3.402815 e−01 9.222434 e−02
3.413071 e−01 9.237104 e−02
3.423345 e−01 9.251762 e−02
3.433639 e−01 9.266407 e−02
3.443951 e−01 9.281041 e−02
3.454283 e−01 9.295662 e−02
3.464633 e−01 9.310270 e−02
3.475003 e−01 9.324866 e−02
3.485392 e−01 9.339450 e−02
3.495799 e−01 9.354020 e−02
3.506226 e−01 9.368578 e−02
3.516672 e−01 9.383123 e−02
3.527137 e−01 9.397655 e−02
3.537621 e−01 9.412174 e−02
3.548124 e−01 9.426680 e−02
3.558646 e−01 9.441173 e−02
3.569187 e−01 9.455652 e−02
3.579747 e−01 9.470117 e−02
3.590326 e−01 9.484569 e−02
3.600925 e−01 9.499008 e−02
3.611542 e−01 9.513433 e−02
3.622179 e−01 9.527844 e−02
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3.632834 e−01 9.542240 e−02
3.643509 e−01 9.556623 e−02
3.654203 e−01 9.570992 e−02
3.664916 e−01 9.585347 e−02
3.675648 e−01 9.599687 e−02
3.686399 e−01 9.614013 e−02
3.697169 e−01 9.628325 e−02
3.707958 e−01 9.642621 e−02
3.718767 e−01 9.656904 e−02
3.729594 e−01 9.671171 e−02
3.740441 e−01 9.685424 e−02
3.751307 e−01 9.699661 e−02
3.762191 e−01 9.713884 e−02
3.773095 e−01 9.728092 e−02
3.784018 e−01 9.742284 e−02
3.794961 e−01 9.756461 e−02
3.805922 e−01 9.770623 e−02
3.816902 e−01 9.784769 e−02
3.827902 e−01 9.798900 e−02
3.838920 e−01 9.813015 e−02
3.849958 e−01 9.827114 e−02
3.861015 e−01 9.841197 e−02
3.872091 e−01 9.855265 e−02
3.883186 e−01 9.869317 e−02
3.894300 e−01 9.883352 e−02
3.905433 e−01 9.897372 e−02
3.916586 e−01 9.911375 e−02
3.927757 e−01 9.925362 e−02
3.938948 e−01 9.939332 e−02
3.950157 e−01 9.953286 e−02
3.961386 e−01 9.967223 e−02
3.972634 e−01 9.981144 e−02
3.983901 e−01 9.995048 e−02
3.995187 e−01 1.000894 e−01
4.006492 e−01 1.002281 e−01
4.017817 e−01 1.003666 e−01
4.029160 e−01 1.005050 e−01
4.040522 e−01 1.006431 e−01
4.051904 e−01 1.007812 e−01
4.063304 e−01 1.009190 e−01
4.074724 e−01 1.010567 e−01
4.086163 e−01 1.011942 e−01
4.097621 e−01 1.013315 e−01
4.109098 e−01 1.014686 e−01
4.120594 e−01 1.016056 e−01
4.132109 e−01 1.017424 e−01
4.143643 e−01 1.018790 e−01
4.155196 e−01 1.020155 e−01
4.166768 e−01 1.021517 e−01
4.178359 e−01 1.022878 e−01
4.189969 e−01 1.024237 e−01
4.201599 e−01 1.025594 e−01
4.213247 e−01 1.026949 e−01
4.224914 e−01 1.028303 e−01
4.236601 e−01 1.029654 e−01
4.248306 e−01 1.031004 e−01
4.260031 e−01 1.032352 e−01
4.271774 e−01 1.033698 e−01
4.283536 e−01 1.035042 e−01
4.295318 e−01 1.036385 e−01
4.307118 e−01 1.037725 e−01
4.318938 e−01 1.039064 e−01
4.330776 e−01 1.040401 e−01
4.342633 e−01 1.041735 e−01
4.354510 e−01 1.043068 e−01
4.366405 e−01 1.044399 e−01
4.378319 e−01 1.045728 e−01
4.390253 e−01 1.047055 e−01
4.402205 e−01 1.048381 e−01
4.414176 e−01 1.049704 e−01
4.426166 e−01 1.051025 e−01
4.438175 e−01 1.052345 e−01
4.450203 e−01 1.053662 e−01
32
4.462250 e−01 1.054977 e−01
4.474316 e−01 1.056291 e−01
4.486400 e−01 1.057602 e−01
4.498504 e−01 1.058912 e−01
4.510626 e−01 1.060220 e−01
4.522768 e−01 1.061525 e−01
4.534928 e−01 1.062829 e−01
4.547107 e−01 1.064130 e−01
4.559305 e−01 1.065430 e−01
4.571522 e−01 1.066728 e−01
4.583757 e−01 1.068023 e−01
4.596012 e−01 1.069317 e−01
4.608285 e−01 1.070608 e−01
4.620577 e−01 1.071898 e−01
4.632888 e−01 1.073185 e−01
4.645218 e−01 1.074471 e−01
4.657567 e−01 1.075754 e−01
4.669934 e−01 1.077035 e−01
4.682321 e−01 1.078315 e−01
4.694726 e−01 1.079592 e−01
4.707149 e−01 1.080867 e−01
4.719592 e−01 1.082140 e−01
4.732053 e−01 1.083411 e−01
4.744533 e−01 1.084680 e−01
4.757032 e−01 1.085947 e−01
4.769550 e−01 1.087212 e−01
4.782086 e−01 1.088475 e−01
4.794641 e−01 1.089736 e−01
4.807215 e−01 1.090994 e−01
4.819807 e−01 1.092251 e−01
4.832418 e−01 1.093505 e−01
4.845048 e−01 1.094757 e−01
4.857696 e−01 1.096007 e−01
4.870363 e−01 1.097255 e−01
4.883049 e−01 1.098501 e−01
4.895754 e−01 1.099745 e−01
4.908477 e−01 1.100987 e−01
4.921218 e−01 1.102226 e−01
4.933979 e−01 1.103464 e−01
4.946758 e−01 1.104699 e−01
4.959555 e−01 1.105932 e−01
4.972371 e−01 1.107163 e−01
4.985206 e−01 1.108392 e−01
4.998060 e−01 1.109619 e−01
5.010931 e−01 1.110844 e−01
5.023822 e−01 1.112066 e−01
5.036731 e−01 1.113287 e−01
5.049659 e−01 1.114505 e−01
5.062605 e−01 1.115721 e−01
5.075569 e−01 1.116935 e−01
5.088552 e−01 1.118146 e−01
5.101554 e−01 1.119356 e−01
5.114574 e−01 1.120563 e−01
5.127613 e−01 1.121768 e−01
5.140670 e−01 1.122971 e−01
5.153746 e−01 1.124172 e−01
5.166840 e−01 1.125371 e−01
5.179952 e−01 1.126567 e−01
5.193083 e−01 1.127762 e−01
5.206232 e−01 1.128954 e−01
5.219400 e−01 1.130144 e−01
5.232586 e−01 1.131332 e−01
5.245791 e−01 1.132517 e−01
5.259014 e−01 1.133701 e−01
5.272255 e−01 1.134882 e−01
5.285515 e−01 1.136061 e−01
5.298793 e−01 1.137238 e−01
5.312090 e−01 1.138412 e−01
5.325404 e−01 1.139585 e−01
5.338738 e−01 1.140755 e−01
5.352089 e−01 1.141923 e−01
5.365459 e−01 1.143089 e−01
5.378847 e−01 1.144252 e−01
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5.392253 e−01 1.145414 e−01
5.405678 e−01 1.146573 e−01
5.419121 e−01 1.147730 e−01
5.432582 e−01 1.148885 e−01
5.446062 e−01 1.150037 e−01
5.459559 e−01 1.151188 e−01
5.473075 e−01 1.152336 e−01
5.486609 e−01 1.153482 e−01
5.500162 e−01 1.154625 e−01
5.513732 e−01 1.155767 e−01
5.527321 e−01 1.156906 e−01
5.540928 e−01 1.158043 e−01
5.554553 e−01 1.159178 e−01
5.568197 e−01 1.160311 e−01
5.581858 e−01 1.161441 e−01
5.595538 e−01 1.162569 e−01
5.609235 e−01 1.163695 e−01
5.622951 e−01 1.164819 e−01
5.636685 e−01 1.165941 e−01
5.650437 e−01 1.167060 e−01
5.664208 e−01 1.168177 e−01
5.677996 e−01 1.169292 e−01
5.691802 e−01 1.170405 e−01
5.705627 e−01 1.171515 e−01
5.719469 e−01 1.172623 e−01
5.733330 e−01 1.173729 e−01
5.747208 e−01 1.174833 e−01
5.761105 e−01 1.175934 e−01
5.775019 e−01 1.177034 e−01
5.788952 e−01 1.178131 e−01
5.802903 e−01 1.179225 e−01
5.816871 e−01 1.180318 e−01
5.830858 e−01 1.181408 e−01
5.844862 e−01 1.182496 e−01
5.858885 e−01 1.183582 e−01
5.872925 e−01 1.184666 e−01
5.886984 e−01 1.185747 e−01
5.901060 e−01 1.186826 e−01
5.915154 e−01 1.187903 e−01
5.929266 e−01 1.188978 e−01
5.943396 e−01 1.190050 e−01
5.957544 e−01 1.191120 e−01
5.971710 e−01 1.192188 e−01
5.985894 e−01 1.193254 e−01
6.000095 e−01 1.194318 e−01
6.014315 e−01 1.195379 e−01
6.028552 e−01 1.196438 e−01
6.042807 e−01 1.197495 e−01
6.057080 e−01 1.198549 e−01
6.071371 e−01 1.199601 e−01
6.085679 e−01 1.200651 e−01
6.100005 e−01 1.201699 e−01
6.114350 e−01 1.202745 e−01
6.128711 e−01 1.203788 e−01
6.143091 e−01 1.204829 e−01
6.157488 e−01 1.205868 e−01
6.171904 e−01 1.206904 e−01
6.186336 e−01 1.207938 e−01
6.200787 e−01 1.208970 e−01
6.215255 e−01 1.210000 e−01
6.229741 e−01 1.211028 e−01
6.244245 e−01 1.212053 e−01
6.258766 e−01 1.213076 e−01
6.273306 e−01 1.214096 e−01
6.287862 e−01 1.215115 e−01
6.302437 e−01 1.216131 e−01
6.317029 e−01 1.217145 e−01
6.331639 e−01 1.218157 e−01
6.346266 e−01 1.219166 e−01
6.360911 e−01 1.220173 e−01
6.375573 e−01 1.221178 e−01
6.390254 e−01 1.222180 e−01
6.404952 e−01 1.223181 e−01
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6.419667 e−01 1.224179 e−01
6.434400 e−01 1.225174 e−01
6.449151 e−01 1.226168 e−01
6.463919 e−01 1.227159 e−01
6.478704 e−01 1.228148 e−01
6.493508 e−01 1.229135 e−01
6.508328 e−01 1.230119 e−01
6.523167 e−01 1.231101 e−01
6.538023 e−01 1.232081 e−01
6.552896 e−01 1.233058 e−01
6.567787 e−01 1.234033 e−01
6.582695 e−01 1.235006 e−01
6.597621 e−01 1.235976 e−01
6.612564 e−01 1.236945 e−01
6.627525 e−01 1.237910 e−01
6.642503 e−01 1.238874 e−01
6.657499 e−01 1.239835 e−01
6.672512 e−01 1.240794 e−01
6.687543 e−01 1.241751 e−01
6.702591 e−01 1.242705 e−01
6.717656 e−01 1.243657 e−01
6.732739 e−01 1.244607 e−01
6.747840 e−01 1.245554 e−01
6.762957 e−01 1.246499 e−01
6.778092 e−01 1.247441 e−01
6.793245 e−01 1.248381 e−01
6.808415 e−01 1.249319 e−01
6.823602 e−01 1.250255 e−01
6.838807 e−01 1.251188 e−01
6.854029 e−01 1.252119 e−01
6.869268 e−01 1.253047 e−01
6.884525 e−01 1.253973 e−01
6.899799 e−01 1.254896 e−01
6.915090 e−01 1.255818 e−01
6.930398 e−01 1.256736 e−01
6.945724 e−01 1.257653 e−01
6.961068 e−01 1.258567 e−01
6.976428 e−01 1.259478 e−01
6.991806 e−01 1.260387 e−01
7.007201 e−01 1.261294 e−01
7.022613 e−01 1.262198 e−01
7.038043 e−01 1.263100 e−01
7.053490 e−01 1.263999 e−01
7.068954 e−01 1.264896 e−01
7.084436 e−01 1.265791 e−01
7.099934 e−01 1.266683 e−01
7.115450 e−01 1.267572 e−01
7.130983 e−01 1.268459 e−01
7.146534 e−01 1.269344 e−01
7.162101 e−01 1.270226 e−01
7.177686 e−01 1.271105 e−01
7.193288 e−01 1.271982 e−01
7.208907 e−01 1.272856 e−01
7.224543 e−01 1.273728 e−01
7.240197 e−01 1.274597 e−01
7.255868 e−01 1.275464 e−01
7.271556 e−01 1.276328 e−01
7.287261 e−01 1.277190 e−01
7.302983 e−01 1.278049 e−01
7.318722 e−01 1.278905 e−01
7.334479 e−01 1.279759 e−01
7.350252 e−01 1.280610 e−01
7.366043 e−01 1.281459 e−01
7.381851 e−01 1.282305 e−01
7.397676 e−01 1.283148 e−01
7.413518 e−01 1.283989 e−01
7.429378 e−01 1.284827 e−01
7.445254 e−01 1.285662 e−01
7.461147 e−01 1.286494 e−01
7.477058 e−01 1.287324 e−01
7.492986 e−01 1.288151 e−01
7.508930 e−01 1.288976 e−01
7.524892 e−01 1.289797 e−01
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7.540871 e−01 1.290616 e−01
7.556867 e−01 1.291432 e−01
7.572880 e−01 1.292245 e−01
7.588910 e−01 1.293056 e−01
7.604957 e−01 1.293863 e−01
7.621022 e−01 1.294668 e−01
7.637103 e−01 1.295470 e−01
7.653201 e−01 1.296269 e−01
7.669316 e−01 1.297065 e−01
7.685449 e−01 1.297858 e−01
7.701598 e−01 1.298649 e−01
7.717765 e−01 1.299436 e−01
7.733948 e−01 1.300221 e−01
7.750149 e−01 1.301002 e−01
7.766366 e−01 1.301781 e−01
7.782600 e−01 1.302556 e−01
7.798852 e−01 1.303328 e−01
7.815120 e−01 1.304098 e−01
7.831406 e−01 1.304864 e−01
7.847708 e−01 1.305627 e−01
7.864028 e−01 1.306388 e−01
7.880364 e−01 1.307145 e−01
7.896717 e−01 1.307899 e−01
7.913088 e−01 1.308649 e−01
7.929475 e−01 1.309397 e−01
7.945879 e−01 1.310141 e−01
7.962300 e−01 1.310882 e−01
7.978739 e−01 1.311620 e−01
7.995194 e−01 1.312355 e−01
8.011666 e−01 1.313086 e−01
8.028155 e−01 1.313814 e−01
8.044661 e−01 1.314539 e−01
8.061184 e−01 1.315260 e−01
8.077723 e−01 1.315978 e−01
8.094280 e−01 1.316692 e−01
8.110854 e−01 1.317403 e−01
8.127444 e−01 1.318111 e−01
8.144052 e−01 1.318815 e−01
8.160676 e−01 1.319516 e−01
8.177318 e−01 1.320213 e−01
8.193976 e−01 1.320906 e−01
8.210651 e−01 1.321596 e−01
8.227343 e−01 1.322282 e−01
8.244052 e−01 1.322965 e−01
8.260778 e−01 1.323644 e−01
8.277521 e−01 1.324319 e−01
8.294281 e−01 1.324990 e−01
8.311057 e−01 1.325658 e−01
8.327851 e−01 1.326322 e−01
8.344661 e−01 1.326982 e−01
8.361488 e−01 1.327638 e−01
8.378332 e−01 1.328291 e−01
8.395193 e−01 1.328939 e−01
8.412071 e−01 1.329584 e−01
8.428966 e−01 1.330224 e−01
8.445877 e−01 1.330860 e−01
8.462806 e−01 1.331493 e−01
8.479751 e−01 1.332121 e−01
8.496713 e−01 1.332745 e−01
8.513693 e−01 1.333365 e−01
8.530688 e−01 1.333981 e−01
8.547701 e−01 1.334593 e−01
8.564731 e−01 1.335200 e−01
8.581777 e−01 1.335803 e−01
8.598841 e−01 1.336402 e−01
8.615921 e−01 1.336996 e−01
8.633018 e−01 1.337586 e−01
8.650132 e−01 1.338172 e−01
8.667263 e−01 1.338753 e−01
8.684410 e−01 1.339329 e−01
8.701575 e−01 1.339901 e−01
8.718756 e−01 1.340468 e−01
8.735954 e−01 1.341031 e−01
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8.753169 e−01 1.341588 e−01
8.770401 e−01 1.342142 e−01
8.787649 e−01 1.342690 e−01
8.804915 e−01 1.343233 e−01
8.822197 e−01 1.343772 e−01
8.839496 e−01 1.344306 e−01
8.856812 e−01 1.344834 e−01
8.874145 e−01 1.345358 e−01
8.891495 e−01 1.345877 e−01
8.908861 e−01 1.346390 e−01
8.926244 e−01 1.346899 e−01
8.943644 e−01 1.347402 e−01
8.961061 e−01 1.347900 e−01
8.978495 e−01 1.348393 e−01
8.995945 e−01 1.348880 e−01
9.013413 e−01 1.349362 e−01
9.030897 e−01 1.349839 e−01
9.048398 e−01 1.350310 e−01
9.065916 e−01 1.350775 e−01
9.083450 e−01 1.351235 e−01
9.101002 e−01 1.351689 e−01
9.118570 e−01 1.352138 e−01
9.136155 e−01 1.352580 e−01
9.153757 e−01 1.353017 e−01
9.171376 e−01 1.353448 e−01
9.189011 e−01 1.353874 e−01
9.206663 e−01 1.354293 e−01
9.224332 e−01 1.354706 e−01
9.242018 e−01 1.355113 e−01
9.259721 e−01 1.355514 e−01
9.277441 e−01 1.355908 e−01
9.295177 e−01 1.356297 e−01
9.312930 e−01 1.356679 e−01
9.330700 e−01 1.357054 e−01
9.348487 e−01 1.357423 e−01
9.366290 e−01 1.357786 e−01
9.384111 e−01 1.358142 e−01
9.401948 e−01 1.358491 e−01
9.419802 e−01 1.358834 e−01
9.437673 e−01 1.359170 e−01
9.455560 e−01 1.359499 e−01
9.473465 e−01 1.359821 e−01
9.491386 e−01 1.360136 e−01
9.509324 e−01 1.360444 e−01
9.527278 e−01 1.360745 e−01
9.545250 e−01 1.361039 e−01
9.563238 e−01 1.361325 e−01
9.581244 e−01 1.361604 e−01
9.599266 e−01 1.361876 e−01
9.617304 e−01 1.362141 e−01
9.635360 e−01 1.362397 e−01
9.653432 e−01 1.362646 e−01
9.671522 e−01 1.362888 e−01
9.689628 e−01 1.363122 e−01
9.707750 e−01 1.363347 e−01
9.725890 e−01 1.363565 e−01
9.744046 e−01 1.363775 e−01
9.762220 e−01 1.363977 e−01
9.780410 e−01 1.364171 e−01
9.798616 e−01 1.364356 e−01
9.816840 e−01 1.364534 e−01
9.835080 e−01 1.364702 e−01
9.853338 e−01 1.364863 e−01
9.871612 e−01 1.365014 e−01
9.889902 e−01 1.365158 e−01
9.908210 e−01 1.365292 e−01
9.926534 e−01 1.365417 e−01
9.944876 e−01 1.365534 e−01
9.963234 e−01 1.365642 e−01
9.981608 e−01 1.365741 e−01
1.000000 e+00 1.365830 e−01
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D Manufacturing drawings
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